Purpose: Ischemia and reperfusion (I/R) injury is a major cause of hepatic failure after liver surgery, but there is no direct method to monitor it in real-time (like an electrocardiogram in heart disease) during surgery. Recently we found the possible role of bioelectrical impedance (BEI) to monitor I/R injury in liver. But the mechanism responsible for ischemia-related BEI changes has not been clearly determined.
INTRODUCTION
Ischemia and reperfusion (I/R) injury during liver surgery is an inevitable, unsolved problem that often leads to fatal, irreversible postoperative liver failure. Assessment of liver function has been an important clinical issue, but there is no direct, practical method to assess the liver function or cell viability during liver surgery in a real-time manner (like an electrocardiogram (ECG) in heart disease).
Recently, we focused on bioelectrical impedance (BEI) to monitor liver cell viability during I/R based on the fact that ischemia causes biochemical and physiological changes in living tissue, which influence its BEI.(1,2) Fortunately, we could publish significance of BEI during I/R injury (3) and found possible role of BEI to monitor I/R injury during liver surgery. (4, 5) But the mechanism responsible for ischemia-related BEI changes has not been clearly determined.
The electrical properties of biologic tissue are expressed by 3 parameters; extracellular resistance, intracellular resistance, and cell membrane capacitance.(2) Ischemia causes biochemical and physiological changes in tissues which influence impedance, especially at lower frequencies, (1) because low frequency currents do not pass through the cell membrane. (6) Accordingly, BEI at lower frequency is responsible for the resistance of the extracellular fluid (ECF), and thus, in the present study, we focused on ECF changes to clarify the mechanism responsible for BEI changes during ischemia.
We investigated the mechanism underlying BEI changes during hepatic ischemia by analyzing intracellular ATP contents and cation concentrations in ECF using an in vivo microdialysis technique, and by measuring hepatocyte sizes and histological changes in liver. 
2) Liver ischemia and bioelectrical impedance measurements
A model of 70% partial hepatic ischemia was used in this study.(7) After being anesthetized with intraperitoneal ketamine (100 mg/kg) and xylazine Ⓡ (10 mg/kg), each rat underwent a midline laparotomy, and the hepatoduodenal ligament was dissected. Ischemia was induced in median and left liver lobes by clamping the portal triad (portal vein, hepatic artery, and bile ducts) with a microvascular clamp.
Livers were subjected to 120 minutes of warm ischemia.
BEIs were measured at 0.12 KHz using a LCR meter (GS-4311B, Ando, Japan) every 10 minutes (n=6), as previously described. (3) The distance between the 2 platinum electrodes (length 25 mm, diameter 0.45 mm)
inserted into the median lobe was 10 mm. The electrodes were coated with Teflon except for a 2 mm region at their tips. A heat mattress and transparent acryl case were used to maintain rat body temperature and ambient humidity. Table 1 ). The flow rate through the dialysis probe was increased to 8μl/minute for 10 minutes to ensure that liquid was flowing, and then reduced to a flow rate of 1μl/minute. After a 60-minute equilibrium period, dialysates were collected in 1. Table   1 ). The flow rates were same to the above explanation in
4) Microdialysis
Hartmann's solution. After a 60-minutes equilibrium period, dialysates were collected in 1.5 ml e-tubes for 30 minutes (n=6). The dead space between the tip of the dialysis probe and the end of the outlet tube was 15μl.
Sample collection was allowed for 15 minutes to compensate for the dead space volume in the microdialysis probe. 
Recoveries of Na

5) Histology
Median lobe liver tissue (n=6) was excised every 30 minutes during the 120 minute ischemic period, fixed in 
6) Statistical analysis
All data are expressed as means±SEs. Data were analyzed using SPSS v. 14.0. Mean values were compared using ANOVA with repeated measures to determine the significances differences at different time points during ischemia.
P-values of less than 0.05 were considered statistically significant. 
RESULTS
1) Changes in tissue bioelectrical impedance
In our previous study, (3,4) in vivo were calculated using the ZNF curves made at each time point during ischemia (Fig. 5) 
7) Hepatocyte diameter and H&E and TUNEL staining
Hepatocyte diameter increased by about 20% of normal after 60 minutes of ischemia, but did not change significantly thereafter (Fig. 7) . No significant differences histolo- However, the mechanism responsible for BEI changes due to ischemia has not been elucidated.
Electrical currents in biological tissues are due to ionic conduction. We hypothesized that change in BEI during ischemia are due to a reduced extracellular volume, possibly due to Na (Fig. 7) . These concentration changes can be explained by failure of the Na ＋ -K ＋ pump due to ischemia-induced ATP depletion. Fig. 1 shows that BEI showed a tendency to plateau after 60 minutes of ischemia, and no significant differences were observed between 60 and 120 minutes of ischemia with respect to ATP contents, cation changes, or extracellular volumes. Accordingly, we believe that 120 minutes of ischemia is insufficient to cause serious liver cell damage, the liver has relatively good tolerance to 120 minutes of 70% hepatic ischemia. (4, 5) The mechanism of slower impedance progression to plateau after 60 minutes is suggestive of a slower change in extracellular volume due to slower cation concentration changes in the ECF (Fig.   5 ). In conclusion, this study suggests that BEI changes during hepatic ischemia are probably caused by sodium and potassium concentration changes in the ECF due to reduced intracellular ATP contents.
